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The question of how synapsesmaintain an active recy-
cling pool of synaptic vesicles to support high-
frequency synaptic transmission has been a perplex-
ing and often controversial problem. In this issue of
Neuron, Fernandez-Alfonso et al. present data indicat-
ing that at least two synaptic vesicle proteins, synap-
totagmin 1 and VAMP-2, are present in a large pool
on the synaptic and axonal plasma membrane and
can interchange with recently exocytosed proteins.
These findings suggest that a plasma membrane
pool of synaptic vesicle proteins provides a reservoir
that can facilitate rapid endocytosis.
Information transfer across synapses requires a robust
exocytotic and endocytotic machinery to maintain ade-
quate pools of readily releasable synaptic vesicles.
Given that many mammalian central neurons can main-
tain firing rates greater than 10 Hz, and reach rates of
100 Hz transiently, the recapture of exocytosed synaptic
vesicle components for additional rounds of vesicle cy-
cling is a challenging task for nerve terminals, many of
which have fewer than 50 actively cycling vesicles. Since
the classic work of Heuser and Reese (1973) and Cec-
carelli et al. (1973), the pathways and mechanisms that
mediate endocytosis at synapses have been heavily de-
bated. The Heuser and Reese model suggested full col-
lapse of the vesicle membrane into the plasmalemma,
with subsequent endocytosis occurring away from ac-
tive zones via clathrin-coated membrane invaginations
and endosomal sorting intermediates. In contrast, the
Ceccarelli model proposed that vesicles were recycled
via a clathrin-independent mechanism directly at the ac-
tive zone. In this ‘‘kiss-and-run’’ model of endocytosis,
opening and closure of a transient fusion pore would al-
low the vesicle to retain its identity following exocytosis.
The existence and/or prevalence of kiss-and-run en-
docytosis versus classical clathrin-coated endocytosis
following fusion of synaptic vesicles is still a matter of
contention. Most neurobiologists in the field fall into
one of two camps over the proposed mechanisms.
The first group largely believes that both modes of endo-
cytosis are used at nerve terminals to retrieve synaptic
vesicles following fusion, though there are still debates
about what type of synaptic stimulation favors one
mode over the other. A second camp has embraced
the classical full fusion and subsequent clathrin-coated
mode of endocytosis as the predominant mechanism for
synaptic vesicle retrieval, and disbelieve (or at least are
skeptical) that the kiss-and-run mode exists at all.
Unequivocal genetic evidence for the kiss-and-run
pathway is lacking, as there are currently no defined
molecules that exclusively function for this form of
endocytosis. That has left the debate centered on the
interpretation of the assays by which endocytosis is
measured. Unlike exocytosis, where one can directlymeasure ion currents through channels gated by
released neurotransmitters, the assays available for
monitoring endocytosis are largely indirect. Classically,
endocytosis has been followed at the electron micros-
copy (EM) level by uptake of electron-dense extracellu-
lar tracers during synaptic stimulation. Electrophysio-
logical assays have also been employed to monitor the
decline in evoked responses following genetic or phar-
macological manipulations that are predicted to disrupt
endocytosis.
To complement EM and physiology, the new wave of
endocytosis assays have used optical imaging to follow
fluorescent dyes, GFP-tagged vesicle proteins, and in-
traluminal antibodies to vesicle proteins before, during,
and after exocytosis (for review, see Kavalali, 2006). FM
dye uptake during stimulation, and subsequent dye loss
due to departitioning into solution or the plasma mem-
brane, is the most commonly used endocytosis assay
to monitor lipid cycling and vesicle reuse. Although FM
dye uptake and release provides a powerful tool, back-
ground fluorescence often limits fast kinetic resolution,
and the relatively slow departitioning rates of certain
FM dyes confounds interpretations when dealing with
fusion pores that may rapidly close during kiss-and-
run. An alternative strategy to dye uptake takes advan-
tage of a previously characterized antibody against the
luminal domain of the intrinsic synaptic vesicle mem-
brane protein synaptotagmin (Matteoli et al., 1992). Dur-
ing exocytosis, the luminal domain of synaptotagmin is
exposed to the extracellular space, allowing access of
anti-synaptotagmin antibodies to the epitope. Applica-
tion of secondary antibodies allows in vivo detection
of synaptotagmin trafficking in live neurons, serving as
a monitor of exocytosis and recycling. A final assay
takes advantage of a pH-sensitive GFP variant (ecliptic
pHluorin). pHluorin increases its fluorescence 20-fold
when exposed to the extracellular space from the acidic
lumen of synaptic vesicles during fusion. By fusing
pHluorin to the intravesicular domain of synaptic vesicle
proteins, the appearance and loss of fluorescence sig-
nals at the plasma membrane can be used to monitor
both exocytosis and subsequent endocytosis. Assays
using intravesicular antibodies and pHluorin-tagged
vesicle proteins suffer from the uncertainty of whether
the antibody or added GFP moiety might alter the kinet-
ics of endocytosis. In addition, each assay only follows
the fate of a single vesicle protein, ignoring the endocy-
tosis of lipid and other vesicular proteins that may or
may not be coupled to the tagged protein.
Although the kiss-and-run versus classical endocyto-
sis debate is likely to continue, kiss-and-run recycling is
a particularly attractive model enabling vesicles to retain
their identity, simplifying the mechanisms that would
otherwise be required to sequester the appropriate
compliment of vesicle proteins from the plasma mem-
brane following full fusion. Paradoxically, however,
most reports describing kiss-and-run find that this
mode of endocytosis predominates at low-frequency
stimulation (Harata et al., 2006; Aravanis et al., 2003;
Gandhi and Stevens, 2003; Fernandez-Alfonso and
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endocytosis copes with the necessity of rapidly and
accurately retrieving required vesicular membrane com-
ponents from the plasma membrane during high-
frequency stimulation. In this issue of Neuron, a study
from Tim Ryan’s lab (Fernandez-Alfonso et al., 2006)
suggests that neurons may have solved one aspect of
this problem by maintaining a sizable pool of synaptic
vesicle proteins resident in the plasma membrane, pro-
viding a reservoir that can be tapped into during stimu-
lation and endocytosis.
The authors used two assays, intraluminal anti-synap-
totagmin antibodies and pHluorin-tagged synaptotag-
min and VAMP-2, to characterize vesicle protein recy-
cling. Assaying luminal exposure of synaptotagmin at
resting states, the authors found a robust baseline ex-
pression of synaptotagmin uniformly over the axonal
and synaptic surface. Surprisingly, following high-
frequency stimulation, synaptotagmin surface staining
redistributed into a punctate pattern at synaptic contact
sites. Additional rounds of cell surface labeling implied
that endogenous synaptotagmin in synaptic vesicles
could exchange with surface synaptotagmin following
fusion. The authors conclude that surface synaptotag-
min accounts for w15% of the total synaptotagmin
found on synaptic vesicles. Approximately 50% of sur-
face labeled synaptotagmin is reinternalized during
robust stimulation, replacing a similarly sized pool orig-
inally found on recycling vesicles. Without stimulation,
the authors find that w20% of the pool can exchange
by spontaneous fusion alone. Previous analysis using
the same intraluminal antibody revealed that spontane-
ous fusion makes use of a pool of vesicles distinct from
the pool employed for evoked fusion; labeling for the
two pools does not mix during stimulation (Sara et al.,
2005). How plasma membrane-resident synaptotagmin
can be partitioned into such distinct pools of vesicles
based upon their release mechanism is a perplexing
issue, but implies that not all surface synaptotagmin
has the same fate.
To complement the intravesicular antibody work, Fer-
nandez-Alfonso et al. used pHluorin-tagged VAMP-2
and synaptotagmin to quantify the size of the axonal ver-
sus synaptic vesicle pools of the proteins. Consistent
with the antibody study, the authors found that VAMP-
2- and synaptotagmin-tagged pHluorins translocated
to the plasma membrane after stimulation, intermixing
with surface exposed vesicle proteins and diffusing
along the axon. Quantification indicated that w50% of
the pHluorin-tagged VAMP-2 or synaptotagmin on the
vesicle is replaced during a stimulus that depletes the
releasable pool. These results imply that the surface
and vesicle-resident pools randomly mix after strong
stimulation and that the pools are comparable in size.
The authors observed a similar ratio of mixing over
a range of stimulation frequencies from 1 to 30 Hz, sug-
gesting synaptic vesicle proteins present on the plasma
membrane can intermix with proteins present on the
vesicle over a range of stimulation frequencies.
Based on these findings, the authors propose a model
whereby endocytosing vesicles can recruit the required
complement of proteins from a large pool that is resident
on the axonal and synaptic surface. As with many stud-
ies in the endocytosis field, the results reported by theauthors are not without questions. Two recent studies
have reached different conclusions using similar tools.
Gandhi and Stevens (2003) reported that mixing of
plasma membrane and vesicle pools does not occur us-
ing the same pHluorin constructs. Although the stimula-
tion paradigms are slightly different, the results of the
two studies are difficult to reconcile at present. In addi-
tion, a recent study by Willig et al. (2006) using stimu-
lated emission depletion (STED) imaging (providing an
enhanced resolution ofw45 nm) suggested that synap-
totagmin remains clustered after exocytosis and does
not diffuse and intermix along the axon and bouton sur-
face. Using intraluminal synaptotagmin antibodies, they
noted surface staining was short-lived, presumably due
to rapid endocytosis. These findings suggest a different
conclusion—that synaptotagmins from a single vesicle
remain clustered after exocytosis, and undergo rapid
endocytosis. Extending these studies to a range of addi-
tional vesicle proteins beyond synaptotagmin and
VAMP-2 will be required to sort out the reported differ-
ences in recycling patterns, as well as whether the re-
sults can be generalized to all vesicle proteins.
The study from the Ryan lab also raises a series of im-
portant questions concerning vesicle protein retrieval. If
the molecular identity of the synaptic vesicle is not pre-
served, how does the endocytotic machinery ensure
that the appropriate complement of vesicle proteins is
retrieved during intermixing following fusion? Between
the proteins involved in neurotransmitter uptake, vesicle
acidification, and synaptic trafficking, a complement of
well over 20 proteins must be assembled to generate
a functional synaptic vesicle. In addition, the number
of copies of specific proteins per vesicle is likely to be
critical. Alterations in synaptotagmin levels, for exam-
ple, have been shown to directly modulate release prob-
ability. Imagining how such a robust sorting and count-
ing mechanism could work is not an easy task. It will be
important to determine if the correct complement of pro-
teins is somehow preassembled into a ‘‘vesicle packet’’
on the plasma membrane, waiting for a signal for endo-
cytosis. What the triggering signal would be is also
unclear. If plasma membrane-resident pools of vesicle
proteins are abundant, then clearly the trigger for endo-
cytosis is unlikely to be the vesicle proteins themselves.
It is possible that only a subset of vesicle proteins are
surface resident, while protein complexes such as the
proton pump are rapidly endocytosed and function as
a trigger. Another possibility is that calcium influx di-
rectly drives the endocytotic cycle, similar to its role in
exoctyosis. It is also unclear how this recycling mecha-
nism can maintain the one-to-one coupling between
exocytosis and endocytosis that has been widely de-
scribed. Given that proteins like synaptotagmin and
VAMP-2 have been shown to bind directly to specific
clathrin adaptor complexes, it seems likely that this in-
teraction must be regulated to allow a surface pool of
the proteins to persist. In addition, the finding that the
surface pool of synaptotagmin and VAMP-2 on the
axon membrane rapidly redistributes to synaptic mem-
branes during stimulation implies that the proteins are
not free floating in the plasma membrane, but config-
ured in such a fashion that would allow rapid redistribu-
tion to active boutons. Understanding these levels of
regulation might have important implications not only
tumor progenitors is that the transformed cells would
have to dedifferentiate to a more stem cell-like state to
produce the collection of cell types with astrocytic, neu-
ronal, and oligodendroglial markers seen in authentic
human malignant gliomas. This ‘‘retrograde differentia-
tion’’ seems counterintuitive; however, data from Kondo
and Raff suggest that committed glial progenitors can
reacquire stem cell-like properties under some condi-
tions (Kondo and Raff, 2004). In addition, some of the
cellular heterogeneity seen in malignant glioma may
reflect the activity of nonmalignant, neural progenitors
recruited into the tumor mass (Assanah et al., 2006).
On a separate front, recent studies have drawn atten-
tion to a slowly cycling, but highly tumorigenic, subpop-
ulation of cells in human glioma with stem cell-like prop-
erties. These glioma stem cells invite comparisons to the
relatively quiescent population of adult neural stem cells
(known as B cells) embedded within the SVZ of the lat-
eral ventricles in rat, mouse, and man (see citations in
Jackson et al., 2006 in this issue of Neuron). Develop-
mentally stalled B cells, or their progeny, could readily
generate the bizarre collection of cell types in malignant
glioma, but here too there is a conceptual problem. If
human gliomas arise from developmentally deranged
progenitor cells in the SVZ, one would predict some
clustering around the germinal zones. This clustering
is not seen in the human disease. Instead, most malig-
nant gliomas are found within the subcortical white
matter. However, one recent study suggests that this
anatomical disconnect between theory and real life
may be more apparent than real (Zhu et al., 2005).
Murine models of glioma have not resolved the issue.
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151for vesicle recycling, but also for short-term plasticity
mechanisms that require rapid mobilization and reuse
of the vesicle pool.
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Link Adult Neural Progenitors
to Glioma Stem Cells
In this issue of Neuron, Jackson et al. show that adult
neural stem cells (B cells) express PDGF receptors.
Functional analysis of PDGF signaling in these neural
progenitors resonates in provocative ways with an
older body of literature on PDGF autocrine loops in
malignant glioma and with more recent observations
on the bHLH transcription factor Olig2.
Primary cancers of the central nervous system account
for less than 2% of all new cases of cancer reported in
the United States each year. However, the majority of
these cancers are malignant gliomas. High rates of mor-
tality convert these infrequent cancers into the third
leading cause of cancer-related death among men 15–
54 years of age and the fourth leading cause of death
for women 15–34 years of age. How do cancers arise
in an organ that is, to a first approximation, mitotically
inert? What is the glioma cell of origin? The two leading
contenders for this neurological ‘‘bad seed’’ are adult
glia and adult neural stem cells.
Adult glia were once thought to be the only replica-
tion-competent cells in the postnatal brain and thus
the only cells capable of malignant transformation. The
conceptual problem with mature or committed glia as
Mature glia or glia-committed progenitor cells can be
targeted in vitro or in vivo for malignant transformation
in mice (see Assanah et al., 2006 and additional citations
therein); however, adult stem cells can also be targeted
for transformation (see Zhu et al., 2005 and additional
references therein). Either approach yields tumors that
emulate at least some of the histopathological features
of malignant glioma in humans. Against this backdrop,
Jackson et al. describe a new molecular marker for
B cells in the adult SVZ. This marker highlights a connec-
tion between B cells and glioma.
The point of departure for Jackson et al. is an unfortu-
nate convergence of history, biology, and semantics.
The stem cell-like properties of B cells in the adult SVZ
were first described in a seminal study by Doetsch
et al. (1999). In that original paper, the B cells were
shown to have an astrocyte-like morphology and ex-
press GFAP—a molecular marker also associated with
the fibrous astrocytes that populate the white matter
of vertebrate brain. For these reasons, the B cells are
also described as ‘‘subventricular zone astrocytes.’’
This latter term causes some confusion with generalist
readers who connect the dots in a logical way and go
on to imagine that all astrocytes can function as stem
cells. Jackson et al. set out to find additional markers
that—singly or combinatorially—could serve as unique
identifiers of adult neural progenitors in the SVZ. Enter
the PDGF receptor a (PDGFRa).
Jackson et al. show thatw80% of the GFAP-positive B
cells in the SVZ coimmunostain for PDGFRa—a receptor
tyrosine kinase hitherto associated with early oligo-
dendrocyte progenitor cells. A set of clever fate-mapping
